We previously demonstrated that replication-competent adenovirus (Ad)-simian immunodeficiency virus (SIV) recombinant prime/protein boost regimens elicit potent immunogenicity and strong, durable protection of rhesus macaques against SIV mac251 . Additionally, native Tat vaccines have conferred strong protection against simian/human immunodeficiency virus SHIV 89.6P challenge of cynomolgus monkeys, while native, inactivated, or vectored Tat vaccines have failed to elicit similar protective efficacy in rhesus macaques. Here we asked if priming rhesus macaques with replicating Ad-human immunodeficiency virus (HIV) tat and boosting with the Tat protein would elicit protection against SHIV 89.6P . We also evaluated a Tat/Env regimen, adding an Ad-HIV env recombinant and envelope protein boost to test whether envelope antibodies would augment acute-phase protection. Further, expecting cellular immunity to enhance chronic viremia control, we tested a multigenic group: Ad-HIV tat, -HIV env, -SIV gag, and -SIV nef recombinants and Tat, Env, and Nef proteins. All regimens were immunogenic. A hierarchy was observed in enzyme-linked immunospot responses (with the strongest response for Env, followed by Gag, followed by Nef, followed by Tat) and antibody titers (with the highest titer for Env, followed by Tat, followed by Nef, followed by Gag). Following intravenous SHIV 89.6P challenge, all macaques became infected. Compared to controls, no protection was seen in the Tat-only group, confirming previous reports for rhesus macaques. However, the multigenic group blunted acute viremia by approximately 1 log (P ‫؍‬ 0.017), and both the multigenic and Tat/Env groups reduced chronic viremia by 3 and 4 logs, respectively, compared to controls (multigenic, P ‫؍‬ 0.0003; Tat/Env, P < 0.0001). The strikingly greater reduction in the Tat/Env group than in the multigenic group (P ‫؍‬ 0.014) was correlated with Tat and Env binding antibodies. Since prechallenge anti-Env antibodies lacked SHIV 89.6P -neutralizing activity, other functional anti-Env and anti-Tat activities are under investigation, as is a possible synergy between the Tat and Env immunogens.
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AIDS vaccines have been under development for more than 20 years, yet an efficacious vaccine remains elusive (13) . Since attenuated or inactivated human immunodeficiency virus (HIV) vaccines lack the requisite safety for human use, alternative strategies have focused on viral subunits as vaccine candidates. HIV Tat, the transactivator protein essential for viral infectivity and pathogenesis, is a logical choice for AIDS vaccine design. Tat is expressed early in the viral life cycle; consequently, Tat-specific immune responses elicited by prophylactic vaccines can potentially have a critical impact on HIV transmission and replication. Although Tat exhibits variability among HIV clades, key immunogenic and functional domains appear to be conserved (7, 40) . In fact, cross-reactivity of anti-Tat antibodies in sera of patients from multiple clades has been reported (7) . Further, conformational antibodies elicited by the full-length Tat protein as an immunogen have shown reactivity against nonhomologous Tat variants (39) .
Tat may also serve therapeutic vaccine strategies. Tat is released by HIV-infected cells and taken up by bystander cells, where it is translocated to the nucleus (15) . This extracellular Tat exhibits multiple functions contributing to immune suppression and pathogenesis (see reference 45 for a review). Among critical properties are modulation of expression of cellular genes, including transcription factors and cytokines, up-regulation of CCR5 and CXCR4 expression (24) , and in-duction of apoptosis in T cells and macrophages (12, 28) . Tat bound to cell surfaces has also been shown to enhance the infectivity of HIV and promote rapid spreading of the virus by interacting with gp120 (33) . Anti-Tat antibody could inhibit this extracellular spread and help control effects on bystander cells. Paradoxically, Tat has recently been shown to exert an antiapoptotic effect on infected cells by modifying the expression of several cytoskeletal proteins (11) . This may promote long-term survival of HIV-infected CD4 ϩ T cells, turning them into reservoirs for continuous viral production. Cellular immune responses to Tat and other viral antigens could help eliminate such reservoirs.
Tat also influences the immune system and acts as an adjuvant. The Tat protein is known to alter major histocompatibility complex (MHC) class I expression on the cell surface (26) and helps facilitate MHC class I presentation of antigens (16, 38) by modifying the immunoproteasome (18, 47) . Tat enhances cellular immune responses to coadministered antigens (59) and exhibits autoadjuvanticity by eliciting antibody responses in the absence of an exogenous adjuvant (25) . Thus, Tat should be a potent immunogen. In fact, both Tat vaccines and native Tat expressed during HIV infection are immunogenic, and the immune responses elicited appear to contribute to protection. Both anti-Tat antibodies and Tat-specific cytotoxic T lymphocytes have been associated with slow progression to AIDS in infected individuals (46, 48, 53, 56) , and Tat-specific cytotoxic T lymphocytes have been associated with control of viral replication during the acute phase of simian immunodeficiency virus (SIV) infection (2) . Notably, phase I clinical trials of a native Tat vaccine have established safety and immunogenicity for both uninfected and HIV-infected volunteers, including development of Tat antibodies in all subjects and Tat-specific cellular immune responses in more than 80% of the volunteers (14, 14a) .
In support of targeting Tat as a vaccine immunogen, Tatbased vaccines, both the native protein and plasmid DNA bearing tat, have shown long-term protective efficacy against simian/human immunodeficiency virus (SHIV) SHIV 89.6P challenge in a cynomolgus monkey model (8, 9, 31) . Surprisingly, however, the inactivated or native Tat protein did not protect rhesus macaques against the same virus challenge administered intrarectally or intravenously (43, 51) . Similarly, vaccination with Tat peptides resulted in only one of seven rhesus macaques being protected against intrarectal SHIV BX08 challenge (3), and a replication-defective adenovirus (Ad) type 5 (Ad5)-HIV tat vaccine was ineffective in protecting rhesus macaques against intravenously administered SHIV 89.6P (30) . However, the combination of Tat with other regulatory and/or structural gene products in multigenic vaccines has improved protective efficacy against both SHIV and SIV challenges in the rhesus macaque system (10, 21) . The contribution of each vaccine component has yet to be clarified.
We have pursued a vaccine approach based on replicationcompetent Ad recombinants with the rationale that the replicating vector will elicit more-persistent immune responses and at the same time induce mucosal immunity by allowing the vectored vaccine to reach its target epithelial cells at mucosal inductive sites. In fact, we have shown that in chimpanzees, Ad-HIV env/rev recombinant priming followed by boosting with the oligomeric gp140⌬V2 protein elicits better cellular immunity and primes higher-titer antibody responses, including antibodies able to neutralize primary isolates and exert antibody-dependent cellular cytotoxicity (ADCC) activity across HIV clades (19, 44) . Further, a multigenic Ad-SIV recombinant priming envelope subunit boosting approach elicited potent protection in 39% of vaccinated macaques against the virulent SIV mac251 virus (42) . Durable protection in 73% of these protected animals was subsequently demonstrated (32) . These results have provided the basis for moving the replication-competent Ad-HIV recombinant approach into phase I human trials.
In this study we addressed whether priming with a replicating Ad-HIV tat recombinant vaccine followed by boosting with the Tat protein would lead to improved protection against SHIV 89.6P challenge in the rhesus macaque model. In addition, we evaluated a Tat/Env combined prime/boost regimen, with the rationale that induction of antibodies against the early Tat protein as well as antienvelope antibodies would lead to better control of acute-phase viremia. Finally we included a multigenic immunization group including Tat, Env, Gag, and Nef immunogens in order to elicit broad cellular immunity for control of chronic as well as acute-phase viremia.
MATERIALS AND METHODS
Immunogens. Plasmid VRC5201 pVR1012X/s 89.6Pgp140(del F/CL del H IS/h), containing the HIV 89.6P gp140 gene with codons optimized for expression in human cells and with the fusion and cleavage domains and the interspace between heptads 1 and 2 deleted, has been described previously (27) and was kindly provided by Gary Nabel, Vaccine Research Center, NIAID, NIH. Construction of a replication-competent Ad5 host-range mutant (Ad5hr) recombinant containing this gene, abbreviated Ad5hr-HIV 89.6P gp140⌬CFI, will be described separately (T. Demberg et al., unpublished data). Additional replicationcompetent Ad5hr recombinants used encoded wild-type HIV IIIB tat (59), SIV 239 gag (58), or SIV 239 nef ⌬1-13 (41) . The empty Ad5hr⌬E3 vector served as a control. All recombinants were administered in phosphate-buffered saline (PBS). Protein boosts included native HIV IIIB Tat (Advanced BioScience Laboratories, Inc., Kensington, MD) reconstituted at 4 g/l in degassed PBS containing 0.1% bovine serum albumin and mixed with 1/10-volume alum just before use, the SHIV 89.6P gp140⌬CFI protein (Demberg et al., unpublished), and SIV 239 Nef (Advanced BioScience Laboratories, Inc.). The last proteins were both prepared with a 1/10-volume monophosphoryl lipid A stable emulsion (MPL-SE) (Corixa, Hamilton, MT). The envelope protein was administered together with 50 g/ dose of MPL-SE and the Nef protein with 25 g/dose MPL-SE.
Immunization and challenge of macaques. The 27 Mamu A‫-10ء‬negative juvenile Indian rhesus macaques used in this study were housed at the Washington National Primate Research Center (Seattle, WA). Two of the 27 animals were B‫71ء‬ positive, one in the Ad Tat group and the other in the Ad Tat/Env group. The care and maintenance of the animals were in compliance with established regulations. The animal protocol received approval from the Washington National Primate Research Center Animal Care and Use Committee prior to study initiation. The immunization schedule, vaccine dosages, and routes of administration are outlined in Table 1 . Peripheral blood samples were obtained prior to immunization and 2 and 10 weeks following each immunization for evaluation of immune responses. At week 50, the macaques were challenged intravenously with 30 50% monkey infective doses of a rhesus peripheral blood mononuclear cell (PBMC)-grown SHIV 89.6P stock, kindly provided by Norman L. Letvin 
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A (5 g/ml) and R10 medium (RPMI 1640 medium supplemented with 10% heat-inactivated fetal calf serum, 100 U/ml penicillin, 100 g/ml streptomycin, and 1 mM L-glutamine) were positive and negative controls, respectively. ELISPOT responses were detected using the monkey IFN-␥ ELISPOT kit from U-CyTech Biosciences (Utrecht, The Netherlands) according to the manufacturer's protocol following transfer of the stimulated cells into the coated plates, except that the incubation time was shortened to 5 h and KPL wash buffer (Kirkegaard and Perry Labs, Gaithersburg, MD) was used. Spots were counted, and spots in control wells were subtracted. Results are reported as spot-forming cells (SFC)/ million PBMC. A positive Tat-specific response was defined as greater than 10 spots above the mean SFC plus 2 standard deviations exhibited by control macaques at each time point. The procedure used in assessing ELISPOT responses to SIV Gag, SIV Nef, and SHIV 89.6P Env peptides has been described previously (50) . SIV Gag and Nef peptides were 15-mers overlapping by 11 amino acids. SHIV 89.6P Env peptides were 20-mers, overlapping by 10. All three peptide sets were obtained from the AIDS Research and Reference Reagent Program, NIAID, NIH. Phytohemagglutinin-M (5 g/ml) was used as the positive control. Results were calculated as described above after eliminating any values in which the background spots with medium alone were Ն125. A positive response was defined as greater than 20 SFC above the control mean plus 2 standard deviations. For evaluating IFN-␥-secreting cells specific for SHIV 89.6P Env, the peptides were divided into two pools for stimulation of PBMC. Subsequently, background spots were subtracted from each pool and the sum of net SFC are reported.
Lymphoproliferative responses were evaluated with fresh PBMC. The cells (3 ϫ 10 6 /ml) were distributed in 100-l aliquots into triplicate wells of a 96-flatwell plate (NUNC) and stimulated by adding 100 l of R10 medium containing 4 g SHIV 89.6P gp140, SIV p27, or SIV Nef or 1 g of HIV IIIB Tat, oxidized by exposure to light at room temperature (59) . A further stimulus was aldrithiol-2-inactivated SHIV 89.6P (Ald-SHIV) (4 g), kindly provided by Jeffrey Lifson and Julian Bess (NCI-Frederick, Frederick, MD). PBMC were incubated at 37°C in 5% CO 2 for 5 days. On the fifth day, the cells were pulsed with [ 3 H]thymidine (1 Ci/well) and incubated overnight at 37°C. Cells were harvested the next day using a Perkin-Elmer filter mat harvester. The filter mats were sealed and thymidine incorporation was measured using a Perkin-Elmer MicroBeta TriLux beta counter. The stimulation index (SI) was determined by dividing the mean of experimental counts per minute by the mean counts per minute of the respective negative control. A positive SI was defined as greater than the mean SI plus 2 standard deviations of the control macaques at individual time points with a value of at least 2.0.
Intracellular cytokine staining. Intracellular staining was performed at weeks 0, 14, and 38 with freshly isolated PBMC in order to detect HIV Tat-, SHIV 89.6P Env-, SIV Nef-, and SIV Gag-specific IFN-␥-secreting CD8 ϩ and CD4 ϩ central and effector memory T cells. PBMC (1 ϫ 10 6 ) in 1 ml R10 medium were stimulated with pools of Env, Nef, Gag, or Tat peptides (1 g/ml each peptide) for 6 h at 37°C and 5% CO 2 . Unstimulated PBMC served as the negative control and concanavalin A-stimulated PBMC as the positive control. One hour into the incubation, 4 l of Golgi-Stop (BD Pharmingen) was added to all tubes. Following stimulation, the cells were transferred into fluorescence-activated cell sorting tubes (BD) and washed twice with PBS (Invitrogen). A cocktail of the following surface antibodies was added: CD4-PerCP (clone L200; BD Pharmingen), CD95-APC (clone DX2; BD Pharmingen), and CD28-fluorescein isothiocyanate (clone CD28.2; BD Pharmingen) or CD8␤-phycoerythrin (PE) (clone 2ST8.5H7; Beckmann-Coulter) together with CD95-PE-Cy5 and CD28-fluorescein isothiocyanate, each in the amount recommended by the manufacturer. The cells were incubated in the dark for 25 min at room temperature, washed with PBS, and fixed in 125 l of Fix and Perm solution A (Invitrogen) for 15 min. After further washing, the cells were incubated in 125 l Fix and Perm solution B containing 5 l of the anti-IFN-␥-allophycocyanin (CD8 staining) or the anti-IFN-␥-PE (CD4 staining)-coupled antibody (clone B27; BD Pharmingen) for 25 min in the dark at room temperature. The cells were washed in PBS and stored in PBS containing 1% paraformaldehyde at 4°C. Analysis was performed on a BD FACScalibur using Cellquest software. A minimum of 100,000 events were acquired. A positive response was defined as an increase in the IFN-␥-positive percentage in stimulated PBMC over that in unstimulated PBMC that was significant at the two-tailed ␣ ϭ 0.05 level by the continuity-adjusted chisquare test. The response comparison was excluded from the analysis if the harmonic mean of the gated central or effector memory event numbers in the comparison was less than 300, due to the substantial loss of power for detecting a response.
Humoral immune responses. Binding antibodies to HIV Tat, SHIV gp140, SIV p27, and SIV Nef were assessed by enzyme-linked immunosorbent assay as described previously (6, 7). The titer of antibody was defined as the reciprocal of the serum dilution at which the optical density of the test serum was two times greater than that of the negative control serum diluted 1:50. Neutralizing antibodies were assessed using the TZM-bl assay and PBMCgrown SHIV 89.6P as described elsewhere (29) . Neutralizing titers are expressed as the reciprocal of the serum dilution at which relative luminescence units were reduced 50% compared to results for virus control wells (no test sample).
Virologic assays. The nucleic acid sequence-based amplification technique (NASBA) was used to determine viral loads in plasma as described previously (49) . The standard sensitivity threshold of this enhanced chemiluminescencebased assay is Ͻ2,000 viral RNA copies/input volume of plasma. Where necessary, a real-time NASBA assay with a sensitivity of Ͻ50 copies/input volume was used as described previously (32) to evaluate plasma from macaques that were consistently negative by the enhanced chemiluminescence-based assay.
Statistical analyses. Differences in peak acute viremia levels and median chronic viral loads over weeks 6 through 24 were analyzed using one-way analysis of variance in combination with Dunnett's test. CD4 counts were square root transformed and similarly analyzed at individual times, with maximum P values reported. For the comparison of antibody titers, the two-tailed exact Wilcoxon rank sum test was used, as well as the Kruskal-Wallis test for simultaneous comparison of the three immunization groups and the exact Wei-Johnson test for two-group comparisons over multiple time points.
RESULTS
Prechallenge ELISPOT responses. The Ad-HIV tat recombinant was immunogenic, as shown by positive responses in 62.5 to 87.5% of macaques in the three immunization groups (Table 2) . Overall, however, the number of Tat-specific IFN-␥-secreting cells induced was low, as was the frequency of positive responses. At the eight prechallenge time points tested, only 17 to 25% of the immunized macaques exhibited positive responses to Tat, regardless of immunization group.
The Ad5hr-SIV nef ⌬1-13 recombinant elicited positive responses for 100% of macaques immunized (group III) ( Table  2) , although the number of SFC was also low, and the frequency of positive responses was comparable to that seen for Ad5hr-HIV tat. The cellular immune response to SIV Gag indicated that the Ad5hr-SIV gag recombinant was equally immunogenic, with 100% of macaques responding. In contrast, however, the Gag response was stronger than the Nef response, both in number of SFC and in frequency of responses, with an increase to 53% in the group of macaques immunized with the multigenic Ad recombinants.
Macaques in groups II and III primed with Ad5hr-HIV 89.6P gp140⌬CFI and boosted with the homologous protein exhibited the highest peak ELISPOT responses ( Table 2 ). All immunized macaques were positive responders, and the frequency of positive responses was approximately 50% in both immunization groups.
Prechallenge proliferative responses. As illustrated in Table  3 , the three immunization regimens elicited strong proliferative responses against the immunizing antigens. The Tat immunogens elicited SI values somewhat lower than responses against the p27, Nef, and gp140⌬CFI proteins, but the percentage of responders was similar, as was the frequency of positive responses. The highest SI were observed against Ald-SHIV in the two groups of macaques immunized with the HIV 89.6P gp140⌬CFI immunogens.
Prechallenge memory cells. Central and effector CD4 ϩ and CD8 ϩ memory T cells, specific for HIV Tat, HIV Env, SIV Gag, or SIV Nef as appropriate for the various immunization groups, were evaluated in PBMC obtained prior to immunization and 2 weeks after both the second Ad recombinant priming immunizations and the second protein boosts. Cells obtained from rectal biopsies were also assayed, but the number of cells obtained from the biopsies was too small to produce reliable results (data not shown). Tat-specific memory cells above prebleed values were not detected in PBMC of macaques immunized with the Tat-only regimen at either time point (data not shown). However, both central and effector CD4 ϩ and CD8 ϩ central memory T cells specific for Tat or Env were detected in the other two experimental groups after the second Ad recombinant immunizations (Fig. 1) . Tat-and Env-specific effector memory CD4 ϩ T cells were exhibited by a low percentage of macaques (14 to 25%) in both groups. A somewhat greater percentage of macaques exhibited central memory CD4
ϩ T cells specific for both Tat and Env (17 to 38%). The immunization regimens also elicited both Tat-and Env-specific CD8 ϩ central memory T cells. The greatest percentage of positive responders was seen for Env-specific CD8 ϩ central memory T cells in both the macaques immunized with Tat and Env vaccines (63%) and those that received multigenic vaccines (43%), perhaps reflecting the greater number of Tcell epitopes in the larger Env protein than in the Tat protein.
The percentages of positive responders for Tat-specific CD8 ϩ central memory cells in both immunization groups ranged from 13 to 29%. Env-specific CD8 ϩ effector memory T cells were not detected, and only one macaque exhibited a positive Tat-specific CD8 ϩ effector memory T-cell response. Of interest, the memory responses tended to be higher overall for the Tat/Env immunization group compared to the multigenic group, but this difference was not statistically significant. In addition, by 38 weeks postimmunization, the memory cells were no longer detectable among the PBMC (data not shown).
Gag-specific memory cell responses in the animals that received the multigenic vaccines were not evident at the time points tested, and high background levels were observed in Fig. 2A) , but all immunized macaques exhibited Tat-specific binding antibodies following the protein boosts. At week 48, 2 weeks prior to challenge, macaques in group II immunized with both HIV Tat and HIV Env immunogens exhibited significantly higher Tat-specific binding titers compared to macaques in group I immunized only with Tat vaccines (P ϭ 0.015) and to macaques in group III, immunized with multigenic vaccines (P ϭ 0.028).
Macaques in group II also showed consistently higher gp140⌬CFI binding titers over the course of immunization than group III macaques, also immunized with the Env immunogens, although only group III macaques developed antibodies after the second Ad recombinant priming (Fig. 2B) . Group II macaques also exhibited a significantly elevated binding titer at week 48, just before challenge, in comparison to the group III titer (P ϭ 0.020).
Macaques in the multigenic group III also received Ad recombinant encoding SIV gag and SIV nef and additionally were boosted with the Nef protein. Consequently, they developed antibody responses to both these antigens. Anti-Gag antibody titers were modest in view of the lack of protein boosting (Fig.  2C) . However, moderate titers of antibody to SIV Nef were induced in group III macaques after the Nef protein boost (Fig. 2D) . None of the control macaques developed virusspecific binding antibodies prior to challenge.
Neutralizing antibodies. Neutralizing antibodies against SHIV 89.6P were evaluated in sera of group II and III macaques 2 weeks following the second protein booster immunizations and at week 48, 2 weeks prior to challenge. All sera, including those of controls, were negative except for two in the multigenic group III, one of which exhibited a 50% endpoint titer of 23 at week 38 and the other a titer of 26 at week 48 (data not shown).
Challenge with SHIV 89.9P . At week 50, the macaques were challenged intravenously with SHIV 89.6P . All became infected (Fig. 3) . Acute viremia, 2 weeks postchallenge, reached a geometric mean of 3 ϫ 10 8 copies/ml plasma in the control animals ( Fig. 3A and E) . Group I macaques, immunized with only Tat vaccines, did not exhibit statistically significant reductions in either acute or chronic phase viremia compared to controls ( Fig. 3B and E) . In contrast, the multigenic group III had significantly reduced acute viremia compared to the controls (P ϭ 0.017), and both group II (immunized with Tat and Env) and group III exhibited significant reductions in chronic viremia, with some macaques exhibiting undetectable viral loads (Ͻ50 copies/ml) on several occasions (Fig. 3C and D) . A significant three-log reduction in chronic viremia was observed for the multigenic group III in comparison to controls (P ϭ 0.0003) and a four-log reduction for group II macaques (P Ͻ 0.0001). Overall, group II macaques, immunized with Tat and Env vaccines, controlled chronic viremia significantly better than group III macaques, displaying a one-log-lower viral burden during the chronic phase of infection (P ϭ 0.014) (Fig. 3E) . The analysis of viral burdens is completed through week 40 postchallenge. However, the macaques are also being monitored for survival. As of 48 weeks postchallenge, all three control macaques and six of eight macaques in the Tat-only group have been euthanized due to AIDS. In contrast, none of the macaques in the Tat/Env and multigenic groups have progressed to AIDS, and all remain alive. Thus, the control of chronic viremia seen in these two groups is associated with slow disease progression.
Dual-tropic SHIV 89.6P targets naive CD4 ϩ T cells. Therefore, as expected following the intravenous challenge, the control macaques became severely CD4 depleted within the first 2 weeks of challenge (Fig. 4A) . Note that the absolute CD4 counts are plotted on a logarithmic scale to accommodate the wide range of CD4 counts seen prior to challenge. CD4 ϩ T-cell loss in the three immunization groups mirrored the viral burdens. Macaques in group I immunized with Tat vaccines only (Fig. 4B ) exhibited a CD4 depletion pattern similar to that of control animals. Both exhibited mean absolute numbers of CD4 ϩ T cells below 100 cells/l by week 3 postchallenge. In contrast, loss of CD4 ϩ cells in group II and III macaques was less severe. The mean absolute CD4 ϩ T-cell counts never dropped below 250 cells/l for either group. Further, significant differences in the number of CD4 ϩ cells throughout the chronic infection phase were seen between the control animals and group II and III macaques (P Յ 0.0089 and P Յ 0.0006, respectively). Group II macaques exhibited lower CD4 ϩ T-cell counts at the time of challenge than the other groups (P ϭ 0.0046 by the Kruskal-Wallis test) and in general had lower counts throughout the prechallenge period. Therefore, the better preservation of CD4 ϩ T cells by group II macaques following challenge is best illustrated by standardizing CD4 counts postchallenge to prechallenge values (Fig. 4E) . However, a significant difference in CD4 counts between groups II and III was not observed.
Postchallenge immune responses. To further elucidate immune responses possibly associated with the better protection seen in groups II and III, cellular and humoral immunity were further investigated postchallenge. As shown in Fig. 5 , an anamnestic response to Env peptides was exhibited by both groups of macaques 2 weeks postchallenge, with marked increases in numbers of IFN-␥-secreting cells (Fig. 5A) . No apparent difference was observed between the two groups of macaques, however. Strong anamnestic responses to SIV Gag and Nef in comparison to results with control macaques were not observed (Fig. 5B and C) . Additionally, no anamnestic responses to Env, Gag, or Nef were detected in proliferative assays, nor were they observed in ELISPOT or T-cell proliferation assays specific for Tat (data not shown).
Binding antibodies to Tat and Env were already elevated in group II macaques immunized with Tat and Env vaccines at week 48 prior to challenge, and by week 4 postchallenge, group II macaques again exhibited elevated titers compared to group III macaques that received the multigenic vaccines ( Fig. 6A  and B) . The higher anti-Env titers in the Tat/Env group compared with the multigenic group persisted, with a significant difference still seen at weeks 6 to 11 postchallenge (P ϭ 0.0044, Wei-Johnson test). Binding antibodies to SIV Gag and Nef were strongly boosted postchallenge, but these antibodies did not result in better protection for the group III macaques relative to results for the group II animals during the chronic phase ( Fig. 6C and D) . The extent to which they may have contributed to the significant reduction in acute viremia in the multigenic group is not known.
While neutralizing antibodies were not detected prior to challenge, they quickly developed in the macaques immunized with Tat/Env and the multigenic vaccines postchallenge, with higher titers compared to those that developed in control animals (Fig. 7) . No difference in neutralizing titer was seen between the two groups, however, so this parameter could not explain the better challenge outcome of the group II macaques.
DISCUSSION
All three replicating Ad-recombinant prime/protein boost regimens were immunogenic, eliciting both humoral and cellular immune responses. Cellular immunity was evidenced by HIV-or SIV-specific ELISPOT, T-cell proliferative, and CD4 ϩ and CD8 ϩ memory cell responses, although HIV-Tatspecific ELISPOT responses were low and relatively infrequent (Table 2 ). This was unexpected in view of our earlier studies with mice showing strong induction of IFN-␥-secreting cells by the Ad5hr-HIV tat recombinant (59) . That the recombinant elicited a lesser cell-mediated immune response in macaques perhaps reflects the multiple differences between mouse and human immunology (36) , here extended to nonhuman primates. Other studies with rhesus macaques using vectored vaccine candidates have reported widely varying ELISPOT responses to Tat immunogens (30, 52) . This variability may result from the different vaccine regimens but could also reflect differences in MHC haplotypes. An immunodominant SIV Tat epitope, responsible for most Tat reactivity, has been defined for Mamu-A‫10ء‬ rhesus macaques (37) , but HIV Tat T-cell epitopes have not been similarly mapped for nonhuman primates. In contrast to the Tat-specific ELISPOT data, the numbers of Env-Gag-, and Nef-specific IFN-␥-secreting cells were comparable to results reported earlier with macaques follow- ing priming with Ad-SIV recombinants and boosting with SIV envelope protein subunits (41, 58) . Unlike the ELISPOT results, T-cell proliferative responses to Tat were comparable to those elicited by the Env, Gag, and Nef immunogens (Table 3) . Thus, the Tat immunization regimen did elicit cellular immunity. A previous study with cynomolgus monkeys reported strong vaccine-induced cellular immunity to Tat, evidenced both by T-cell proliferative responses and measurements of tumor necrosis factor alpha secretion (8) . It is possible that we would have obtained a greater percentage of positive Tat-specific ELISPOT responses had additional cytokines been evaluated. Further, the previous multiple systemic immunizations (nine) with biologically active Tat protein compared to the regimen used here consisting of two mucosal priming immunizations with Ad-HIV tat followed by two native Tat protein boosts may account in part for the different outcomes. With regard to other immunogens, the greatest percentage of macaques exhibiting a positive T-cell proliferative response to HIV envelope was seen following stimulation with Ald-SHIV, suggesting that the prime/boost regimen using Ad5hr-HIV 89.6P gp140⌬CFI and the HIV 89.6P gp140⌬CFI protein induced immune responses specific for native envelope structure on the surface of SHIV virions. Antigen-specific binding antibodies were also induced by the vaccine regimen, and titers were significantly elevated after each protein booster immunization (Fig. 2) . In this regard, the boosting of anti-Gag antibodies following each administration of the Env, Tat, and Nef proteins perhaps reflects a helper effect due to the proteins themselves or the adjuvant (5). The increases seen in the anti-Gag titer also suggest the continued presence of the replication-competent Ad5hr-SIV gag recombinant.
The mechanism(s) responsible for induction of higher levels of anti-Tat and anti-Env binding antibodies in the Tat/Env group than in the Tat-alone group or the Tat/Env/Gag/Nef group is unknown. Unless recombinant priming played a significant role, a synergistic effect at the site of inoculation is unlikely. The Ad recombinants were administered in a single pool; however, the Tat protein booster was administered subcutaneously in alum and the gp140⌬CFI protein was separately administered intramuscularly in MPL-SE. Antigenic competition may have contributed to induction of lower-titer envelope antibodies in the multigenic group but cannot explain the lower anti-Tat titers in the Tat-only group. The lack of induction of neutralizing antibodies to the SHIV 89.6P challenge strain prior to virus exposure is similar to results obtained previously with vectored vaccines expressing a SHIV 89.6P envelope immunogen (27, 34) .
The lack of protection elicited by the Tat-only prime/boost regimen was not unexpected in view of earlier results in which vaccination with the native or inactivated Tat protein or with a replication-defective Ad5-HIV tat vaccine either failed to protect or partially protected rhesus macaques against a SHIV 89.6P challenge administered intrarectally (43) or intravenously (30, 51) . The negative results continue to contrast with results of studies of cynomolgus monkeys that have exhibited strong, long-lasting protection against SHIV 89.6P infection following vaccination with the native Tat protein or Tat plasmid DNA vaccines (8, 9, 31) . The different outcomes might result from species differences in immunologic and/or virologic responses following vaccination and challenge which are currently under investigation.
Similar to results of other studies of Mamu-A‫-10ء‬negative rhesus macaques challenged intravenously with SHIV 89.6P , we did not achieve sterilizing immunity. However, rapid control of viremia was observed in the Ad Tat/Env and Ad Tat/Env/Gag/ Nef groups ( Fig. 3C to E) . The extent of viremia reduction achieved during the chronic phase of infection was highly favorable in comparison to findings of earlier studies. The overall level of protection achieved in this study may have been influenced by our use of replicating Ad-SIV recombinants. We have previously reported enhanced immunogenicity elicited by replication-competent Ad-HIV recombinants compared to that with matched replication-defective Ad-HIV recombinants (44) . As shown in Fig. 3E , chronic viremia was reduced 3 logs in the multigenic group and 4 logs in the Tat/Env group. In contrast, macaques immunized three times with replicationdefective Ad5-HIV JR-fl gp140 plus Ad5-SIV gag exhibited an approximate 2-log reduction in set-point viremia (30) , while a regimen composed of three plasmid DNAs bearing SIV gag, pol, and nef followed by replication-defective Ad5 recombinants bearing HIV HXB2/Bal gp140 and SIV gag/pol elicited an approximate 3-log reduction in chronic viremia (27) . In the latter study, inclusion of an envelope component, in addition to Gag, Pol, and Nef, led to enhanced viremia control. The outcome was similar to that of our multigenic group in extent of 
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Tat/Env VACCINE STRATEGY ELICITS ENHANCED PROTECTION 3423 viremia reduction. Strikingly, envelope immunogens played a major role in our group II macaques. The envelope components in combination with Tat vaccines led to a further 1-log enhancement of protective efficacy in comparison to the multigenic group. In view of the better protection observed for group II macaques, immunized with Tat and Env vaccines, than with to group III macaques, immunized with multigenic immunogens, investigation of possible immunologic correlates of protection is of interest. No consistent pattern of cellular immunity to Tat or Env was observed between the two groups with regard to either ELISPOT or proliferative responses which could explain the better challenge outcome of the Tat/Env group (Tables 1   and 2 ). Further, group III macaques exhibited cellular responses to Nef and Gag antigens, not present in the group II macaques, yet the latter exhibited better control of viremia. A tendency toward elevated memory cell responses was observed in the peripheral blood of macaques in the Tat/Env group compared to the multigenic group (Fig. 1) . However, the positive responses were relatively infrequent and were not detected during the latter part of the immunization regimen. It is possible that memory cells migrated to tissue sites prior to challenge, where they might have influenced the challenge outcome. Future studies should investigate this question in greater depth. However, anamnestic cellular immune responses observed in peripheral blood postchallenge were not significantly different between the two groups (Fig. 5) .
A difference between the Tat/Env and multigenic groups was seen, however, in antibody responses. At the time of challenge, group II macaques exhibited significantly higher titers of antiTat and anti-Env binding antibody than group III macaques ( Fig. 2A and B) . But neither Gag nor Nef antibodies, elicited in the multigenic group of macaques, can explain the greater protective efficacy observed in the Tat/Env immunization group.
With regard to the anti-Tat antibodies, the higher titers for Group II macaques persisted postchallenge (Fig. 6A) , although the statistically significant difference present just prior to challenge was not maintained. Whether these binding antibodies possess functional activity is a subject of ongoing investigation. Various functions have been ascribed to Tat antibody, including neutralization of Tat activity in a virus rescue assay (8) , inhibition of Tat-mediated apoptosis (4), and inhibition of Tat-mediated transactivation in a long-terminal-repeat-depen- dent chloramphenicol acetyltransferase assay (3). While Tat antibodies cannot block HIV entry into cells, they can modulate the multitude of Tat activities that occur following infection, due in large part to the ability of released extracellular Tat to enter neighboring cells (15, 16) . Tat enhances CD95/ CD178 (Fas/Fas-L)-mediated apoptosis in T cells (35, 55) and upregulates tumor necrosis factor-related apoptosis-inducing ligand in macrophages (57), thus inducing bystander killing, whereas Tat-expressing cells are protected from apoptosis. Released Tat may contribute to the spread of the ongoing infection due to interaction with gp120 on cell surfaces (33) . Functional anti-Tat antibodies present at the time of virus exposure and subsequently maintained postchallenge may therefore contribute importantly to viremia control. In this regard, Tat antibodies have been associated with control of CD4 ϩ reservoir cells in peripheral blood following challenge of Chinese rhesus macaques with SHIV BX08 (54) . A protective role of Tat antibodies is further supported by their association with slow progression or nonprogression to AIDS (14a, 46, 48, 56) . The higher anti-Tat antibody titers exhibited here by the Tat/Env group of macaques in comparison to the multigenic group may therefore explain in part their significantly better control of chronic viremia.
Anti-Tat antibody was certainly not sufficient to control the SHIV 89.6P challenge in rhesus macaques, as evidenced by the lack of control in the Tat-only group. However, in concert with higher antienvelope antibody titers in group II macaques, enhanced protective efficacy was achieved. This protection was not attributable to SHIV 89.6P -neutralizing antibodies, which were lacking in both groups at the time of challenge. In fact, postchallenge neutralizing antibody also did not contribute to the difference in chronic viremia seen between the Tat/Env and multigenic groups, since similar titers were induced following infection. However, nonneutralizing antibodies, levels of which were higher both at the time of challenge and in the weeks following, may have contributed to the protective outcomes by one or more mechanisms. Nonneutralizing antienvelope antibodies can protect macrophages and immature dendritic cells from HIV type 1 infection by the binding of antibody-virion complexes to Fc␥RI and Fc␥RII receptors in vitro, with subsequent internalization and degradation of the virus (22, 23) . Nonneutralizing antienvelope antibodies may mediate ADCC, leading to killing of virus-infected cells. Such antienvelope binding antibodies mediating ADCC have been significantly correlated with reduced acute viremia (20) . Additional mechanisms that have been associated with protection include antibody-dependent cell-mediated viral inhibition (17) and complement-mediated viral lysis (1) . The extent to which these potential mechanisms may have contributed to the improved outcome of the Tat/Env group of macaques remains to be clarified. While neutralizing antibodies can prevent infection, nonneutralizing binding antibodies can play a significant role in controlling subsequent infection. In view of the persistently higher levels of antienvelope binding antibodies in the Tat/Env group than in the multigenic group, significantly elevated both at the time of challenge and postchallenge, this hypothesis deserves further exploration.
Overall, the potential synergy between Tat and Env immunogens in eliciting enhanced protective efficacy suggests such combination vaccines should be further explored for both prophylactic and therapeutic applications. Investigation of the mechanism(s) responsible for the outcome observed here may provide useful information for improved vaccine design.
